Three nickel-carbon (Ni-C) and three iron-carbon (Fe-C) eutectic fixed points cells of a new design, meeting the requirements for reliable applications and being suitable for the calibration of thermocouples, were constructed at PTB and Inmetro. Their melting temperatures were compared by using the high-temperature furnace of PTB (HTF-R) and two platinum/palladium (Pt/Pd) thermocouples. The measured emfs of the Ni-C eutectic fixed point cells at the inflection points of the melting curves agree within a temperature equivalent of about 0.29
Introduction
Metal-carbon eutectic fixed points have been investigated intensively since the end of the nineties. Mainly, research has been focused on radiation thermometry purposes with the utilization of metal-carbon eutectics as temperature standards at temperatures higher than the freezing point of copper (1084.62
• C) in mind [1] [2] [3] [4] [5] . The principle of metal-carbon eutectic fixed points can also be used to improve the calibration facilities of thermocouples by reducing interpolation or extrapolation uncertainties in the interesting temperature range between 1100
• C and about 1770
• C [6] [7] [8] [9] . Especially Fe-C eutectics (1154
• C), Co-C eutectics (1324 • C), Ni-C eutectics (1329
• C) and Pd-C eutectics (1492 • C) allow the gap between the freezing points of copper and of palladium (1554.8
• C) to be filled.
The aim of the present investigation was to study the reproducibility, stability and equivalence of the melting temperatures of different Ni-C and Fe-C eutectic fixed point cells which are suitable for contact thermometry and have been developed and measured at PTB and Inmetro. The comparison measurements were carried out over a period of about one year, in two different furnaces and by using two Pt/Pd thermocouples. In between the comparison measurements, other realizations were made by using the cells for the purpose of local scientific or calibration interests or in the proper interest of the present work.
Eutectic fixed point cells
Four metal-carbon eutectic fixed point cells were constructed at PTB and two at Inmetro. The designations of the eutectic fixed point cells as well as the masses of the eutectic alloy in the cells are listed in table 1.
The investigated metal-carbon eutectic fixed point cells, made of graphite and designed for contact thermometry applications, consist of a double-wall cylinder with an axially . The Inmetro cells were fabricated with graphite of unspecified purity, with a medium grain size of 12 µm, maximum ashes residue of 10 ppm and a declared and measured density of 1.8 g cm −3 . The graphite had been supplied by Carbono Lorena (for Fe-C1V) and Seecil Carbon Technologies Ltd (for Ni-C1V)-both from São Paulo, Brazil. All parts of the crucibles had previously been annealed for three to four hours, at a temperature that was about 30 K higher than the melting temperatures of the eutectics. This annealing was processed in a vacuum of about 4 × 10 −2 Pa at PTB and in an argon atmosphere at Inmetro, where the crucible parts were washed in distilled water and cleaned in an ultrasound distilled water bath for about 3 h before the annealing.
The nickel, iron and graphite powders with which the crucibles were filled were supplied by Alfa Aesar and had a purity of 99.996% (Ni), 99.998% (Fe) and 99.9999% (graphite). The metal powders were each mixed with the graphite powder at a mass function of approximately 3.0% carbon for Ni-C and at approximately the eutectic composition of 4.2% carbon for Fe-C eutectic. The crucibles, filled with the powder mixture, were heated in an argon atmosphere until a temperature of about 15 K above the melting temperature of the eutectic was reached and left at this temperature for about 30 min. After that, the temperature of the furnace was lowered by about 25 K and kept at this temperature until the solidification was completed, then the temperature was decreased further to room temperature. This procedure was repeated until the crucible was almost completely filled (six runs for Ni-C cells of PTB and three runs for Fe-C cells of PTB and for the cells of Inmetro). The thermometer well was inserted during the melt of the last filling step.
It should be mentioned here that the different metalcarbon eutectic fixed point cells were used at PTB and Inmetro for local investigations or calibrations before the comparison measurements were started. Mechanical problems arose with the three Fe-C cells, which led to a rupture of the outer crucible during the comparison measurements (Fe-C1: 26th cycle of melting and freezing, Fe-C2: 13th cycle and Fe-C1V: 12th cycle). (The reason for this behaviour is investigated in an ongoing activity.) In order to be able to continue the measurements, the eutectic fixed point cell Fe-C2 was equipped with a third crucible made of pure graphite. It was fitted tightly around the cracked outer crucible. For the cell Fe-C1V, the broken outer crucible was removed completely and replaced by a new one having about the same dimensions as the old one. The new outer crucible was annealed in the same way as the old one before it was used for the first time (but it was not washed in water). Both Fe-C eutectic fixed point cells could then be used until the end of the intercomparison without any further cracking. No significant difference in the melting temperatures before and after the breakage of the cells was observed.
In the case of the Ni-C eutectic fixed point cells, no mechanical problems arose. At the end of the comparison measurements, a total and respective number of 41, 22 and 39 cycles had been performed with the nickel-carbon cells Ni-C1, Ni-C2 and Ni-C1V. No cracking whatsoever had occurred.
Pt/Pd thermocouples
The Pt/Pd thermocouple of PTB, called Pt/Pd 01/04, was the same as the one which had been used to investigate a cobalt-carbon eutectic fixed point cell described elsewhere [8] . Only its altered stress-relieving coil of 0.2 mm Pt wire was removed and the thermoelements were welded directly before the comparison measurements started. The second Pt/Pd thermocouple used, Pt/Pd INM 2003-03 (here referred to as INM0303), was constructed at Inmetro by using pure platinum (99.998%) and palladium (99.99+%) wires of 0.5 mm diameter, supplied by Alfa Aesar. The thermoelements were cleaned by means of ethyl alcohol and distilled water. Both wires (length 1700 mm) were annealed electrically in air for 10 h at about 1300
• C, cooled down to about 450
• C for 1 h and then to ambient temperature by switching off the current. Afterwards the wires were inserted in a twinbore capillary tube (outer diameter 3.0 mm, bores 1 mm, length 610 mm) protected by a one-end-closed protection tube • C (10 h) was performed to remove physical defects introduced during the assembly. A high-temperature annealing at about 1350
• C for about 100 h followed to increase the thermoelectric stability and homogeneity of the thermocouple.
High-temperature furnaces
The high-temperature furnace of PTB, HTF-R, which is specified in [10] , was upgraded by an additional top heater made of graphite, in order to improve its temperature homogeneity. The vertical graphite main heater and the top heater operate with direct current to reduce interferences during the calibration of thermocouples. Temperature control was performed by using a type B thermocouple. The eutectic fixed point cells were placed axial-symmetrically in relation to the main heater on a graphite base which allows the position of the cells in the temperature gradient to be changed. The temperature profile of the furnace was set in such a way that the most symmetrical melting curves of the eutectic fixed points could be obtained. The most suitable axial temperature distributions to hit this target at about 1150
• C and 1325 • C, measured by using a Pt/Pd thermocouple, are shown in figure 2 .
The vertical high-temperature furnace of Inmetro (HTF-M) is described in [8] . The furnace is equipped with four vertical molybdenum heaters. The temperature is controlled by using a type S thermocouple. The fixed point cells were inserted in a fitted cylindrical graphite block (100 mm diameter), which was placed in the centre of the furnace chamber at an appropriate height to ensure an optimal axial temperature distribution. On the top, a further graphite block was used as a lid to improve the temperature profile at the position of the cell. All measurements (HTF-R and HTF-M) were performed in an argon atmosphere. 
Measurements

Experimental details
Generally, metal-carbon eutectic fixed points do not show the same melting and freezing behaviour as conventional fixed points of pure metals. Melting and freezing temperatures differ from each other by some tenths of a degree, both plateaus are less flat than the corresponding ones of pure metals and often the freezing temperature strongly depends on different parameters, e.g. the freezing rate, the set temperature below the freezing plateau and the heat treatment of the fixed point cell before realizing the freeze. Therefore, in this work, only melting temperatures were considered. According to an agreement within the temperature community and based on the high reproducibility having been found for the inflection point of a melting curve, the emf measured at the inflection point is assigned to the melting temperature of the eutectic fixed cell. The melting curves of the investigated eutectic fixed point cells were obtained as follows: the cells were stabilized for thermal equilibrium at a temperature between 3 K and 5 K below the expected melting temperature. Then the temperature was increased with heating rates of about 5 K min −1 to set points between 7 K and 19 K above the melting temperature. After a complete melt, the temperature was maintained at the set-point temperature for about 20 min and then reduced to a temperature some degrees below the melting point to initiate the freeze and to start a new melt. No significant dependence on the chosen offset temperatures was observed for the measured emfs at the inflection points. As an example, typical melting curves of Ni-C2 are presented in figure 3 , obtained by using Pt/Pd 01/04 at three different set-point temperatures. Only the plateau durations were different but not the values of the inflection points. All emf measurements were performed by using a Keithley 2182 voltmeter at PTB and a HP 3457A voltmeter at Inmetro. The thermoelectric stability and homogeneity of the Pt/Pd thermocouples used were checked by repeated measurements at the freezing point of silver. The emf values presented in figure 8 indicate a high stability of the thermocouples. The maximum emf difference within the one-year measurement period obtained by using Pt/Pd 01/04 amounts to 2.2 µV and the one obtained by using Pt/Pd INM0303 amounts to 1.3 µV. The horizontal arrows refer to the laboratory with the corresponding local silver fixed point cell used for the measurements.
Measurement results
Measurement uncertainty
The emf at the inflection points of the melting curves of the different eutectic fixed point cells generated by the Pt/Pd thermocouple under calibration, E X , can be written as
as the emf indicated by the voltmeter at the inflection point. The combined uncertainty of E X includes uncertainty contributions caused by the reproducibility of the measurements, δE RP , by the analysis of the melting curves, δE IP (determination of the inflection point), by heat flux effects, δE HF , by the electrical uncertainty of the emf measurement, δE el , by the reference temperature, δt 0 , and by the individual thermoelectric properties, drift and inhomogeneity, respectively, δE S−Ag and δE Inh , of the thermocouples. C 0 is the Seebeck coefficient of the Pt/Pd thermocouple at the ice point (reference temperature, t 0 ) and E Ag is the emf at the freezing point of silver.
The reproducibility was calculated from the standard deviations of the single measurements. It is considered as reproducibility (in contrast to repeatability) because several important measurement conditions were intentionally changed. These were, for instance, set-point temperatures, stabilizing times and temperature profiles of the HTFs. The inflection point of a melting curve was calculated by using a third-order polynomial which approximates the measured emfs over time. The inflection point is defined by the second derivative of the polynomial, which is zero at this point. The corresponding y-value is taken as the emf of the inflection point. The uncertainty of this emf value depends on the choice of the range of the measured emf used to perform the fitting and of the uncertainty of the fit. The range was chosen in a way to comprise preferably a symmetrical part of the melting curve, especially concerning the beginning and the end of the melting plateaus. Under this condition, the calculated emfs of the inflection points differed in most cases by not more than about 0.2 µV, as a result of the selection of reasonable different ranges. The uncertainty of the third-order polynomial fit at the inflection point amounts to about 0.2 µV. Therefore, the maximum uncertainty of the determination of the inflection point of the melting curves is about 0.3 µV.
Heat flux along the thermocouple can influence the measured emf at the inflection point. This uncertainty contribution was estimated by using different offset temperatures. As seen from figure 3, this effect is nearly negligible and was estimated not to exceed a value of 0.4 µV.
The uncertainty of the electrical measurement of 0.4 µV includes the uncertainty of the calibration of the voltmeters used, the estimated drifts within their calibration intervals and their resolutions. The uncertainty of the reference temperature of the ice/water mixture amounts to a value of 10 mK.
The thermoelectric homogeneity and stability of the Pt/Pd thermocouples were determined by repeated calibrations at the freezing point of silver. During immersion profile measurements, half the maximum differences in emf were taken to estimate the uncertainty contribution due to inhomogeneities of the thermocouples. The inhomogeneity measured at one temperature, expressed as a percentage of the total emf at this temperature, is representative of the inhomogeneity at other temperatures [11] . Half the differences in emf measured at the freezing point of silver before and after the eutectic fixed point measurements were taken into consideration to estimate the uncertainty contributions caused by drift effects of the thermocouples. These values were linearly extrapolated to the corresponding emfs of the eutectic fixed points. Table 4 shows the uncertainty budget associated with the emf measurement at the inflection points of the melting curves. For a better overview, the uncertainty contribution caused by the individual thermoelectric properties of the thermocouples, homogeneity and stability can be found in table 5. A rectangular probability distribution was applied to the two uncertainty contributions. The reproducibility of the measurements at the different eutectic fixed point cells by using the two Pt/Pd thermocouples is still listed in table 3.
The expanded uncertainty for k = 2 of the average emf of each eutectic fixed point can be obtained from the quadratic sum of the corresponding uncertainty contributions (tables 4 and 5) and the reproducibilities given in table 3, multiplied by the coverage factor 2. Table 6 contains these values and the corresponding temperature equivalents.
Discussion
All the obtained emfs of the inflection points of the melting curves of the iron-carbon eutectic fixed points cells (table 3) agree within their expanded uncertainties (k = 2), listed in table 6, independent of the furnaces and thermocouples used. The maximum difference between two cells (Fe-C2 and Fe-C1V, measured in different furnaces) was found to be 2.0 µV (0.09 K) by using Pt/Pd INM0303. The maximum difference between two Fe-C cells measured in the same furnace (HTF-R) amounts to only 1.1 µV (0.05 K). Of particular interest is the comparison of the emfs of one cell measured in different furnaces, a crucial test that indicates if the cell may be used as a transfer standard. The emf difference at Fe-C1 and at Fe-C1V measured in the two HTFs was found to be 0.8 µV (0.04 K) and about 1.4 µV (0.06 K), respectively.
The main problem when using iron-carbon eutectic fixed points is the mechanical instability or fragility of the crucibles (see section 2). However, when necessary, the special design of the two screwed inner and outer crucibles allows the replacement of a broken outer shell by a new one without any detectable change in the melting temperature of the cell. This was demonstrated by the results of the Fe-C1V eutectic ( figure 7) . No temporary drifts in the melting temperatures of the Fe-C cells were observed during the intercomparison.
The mechanical stability of the Ni-C eutectic fixed point cells is very satisfactory. No cracking of the outer crucibles or leakage was found. The comparison of the three Ni-C eutectic fixed point cells performed in the HTF-R of PTB revealed a maximum difference in the emf of the inflection points of 6.9 µV (0.29 K) between the cells Ni-C1 and Ni-C2 measured by using Pt/Pd 01/04. This difference is larger than the expanded uncertainties of the two cells (table 6) . Therefore, it is significant. On the other hand, during long-term investigations a temporary increase in the melting temperatures was observed. The emf at the inflection points of Ni-C1, for instance, measured by using Pt/Pd 01/04, increased by about 4.3 µV in the course of 13 melting and freezing cycles. The same tendency (but more pronounced) was found by using Ni-C1V. Further investigations of this effect are necessary. For using nickel-carbon cells as transfer standards an additional uncertainty contribution should be applied considering this ageing effect, for instance based on the emf drift between the two last applications.
Summary
The agreement of the melting temperatures of the investigated Fe-C eutectic fixed point cells within a temperature equivalent of 0.09 K, independent of the thermocouples and the hightemperature furnaces used and independent of the long-term thermal histories, reveals a high stability and reproducibility of their melting temperatures. This suggests and allows the use of the Fe-C eutectic fixed point cells as transfer standards. The disadvantage of the mechanical instability of the graphite crucibles for the Fe-C eutectics was diminished by the new fixed point cell design which allows a simple repair of a broken cell. Therefore, after the specification of a temperature value for the iron-carbon eutectic fixed point by the Consultative Committee for Thermometry (CCT), the investigated Fe-C eutectic cells can be used as adequate transfer standards for the dissemination of temperatures in the temperature range above the freezing point of copper with uncertainties (k = 2) of about 0.1 K-0.2 K.
As for using Ni-C eutectic fixed point cells as transfer standards the situation is slightly different. The better mechanical stability of the crucibles is opposed by higher thermal instability of their melting temperature, caused by long-term drift whose reasons have to be investigated. The expanded uncertainties (k = 2) of the average melting temperatures at the Ni-C eutectic fixed points were only slightly higher than the ones found for the Fe-C eutectic cells. But, considering the ageing effect, the Ni-C eutectic fixed point cells can only be used as transfer standards with higher uncertainties (k = 2) of about 0.3 K.
